We performed histochemical studies on normal human and rat tissues using anti-GalP1,4GlcNAc a2,6-~ialyItransferase (a2,6-ST) antibody and Sambucusnigra agglutinin (SNA). a2,6-ST and its products were detected in almost all tissues examined. However, the staining intensities varied significantly with di&rent cell types. Some seaetory epithelial cells, such as hepatocytes and choroid plexus cells, were vividly stained with either anti-aZ.6-ST or SNA. In several cell types the intensity of a2,6-ST staining did not always correlate with SNA stainability. Neurons and gastrointestinal epithelia were rarely stained with SNA, even though they were positive for a2,6-ST. In contrast, the endothelial cells of blood vessels strongly reacted with SNA despite their weak a2,6-ST expression. The precise physiological roles played by a2,6-linked sialylated glycoconjugates have been unclear. However, the fmdiags desaibed here lend fiuther support to their important role in cell growth and difkrentiation, since immature blood cells, including megakaryocytes in bone marrow, were intensely stained with anti-al,dST and SNA, and SNA reaction praducts were primarily observed in the basal and suprabasal layers of the stratified epithelia rather than in the more a e n t i a t e d upper layers. In view of the vivid reactivity ofantLa2,CST io the decidual cells of the placenta, it seem likely that a2,6-ST expression is under hormonal control. (J I l i s t d e m C y t d e m 43945-954, 1995)
Introduction
Sialic acids are believed to play important roles in a variety of biological processes, including the maintenance of serum glycoproteins in the circulation and the regulation of certain aspects of cellular differentiation (1) (2) (3) (4) . Gal@1,4GlcNAc a2.6-sialyltransferase (EC 2.4.99.1; a2,6-ST) is a Type I1 tsans-membrane protein and exists predominantly within the Golgi and truns-Golgi network of cell cytoplasm (5-8). The nucleic acid sequence of the enzyme predicts a 46.7 KD polypeptide composed of a short amino terminal cytosolic region and a single transmembrane region, followed by a carboxyl terminal catalytic region (9.10) . This enzyme mediates the transfer of sialic acid to GalP1-4GlcNAc termini of complex type, N-linked oligosaccharides commonly found in serum and cell surface glycoproteins (11) (12) (13) . a2,6-ST cDNAs have been isolated from human placenta and rat liver (9, 14) , and the human a2,6-ST gene resides in the 3q27-q28 portion of human chromosome 3 (15) . The tissue-specific expression of a2,6-ST transcripts has been examined in a variety of rat tissues (16.17) . Different levels ofa2,6-ST mRNA expression appear to be correlated with different levels of this enzyme activity in these tissues (16) 
To date, several physiological roles have been established for a2,6-linked sialoglycoconjugates. Influenza viruses isolated from human and pig bind to theNeu5Ac a2,6-Gal sequence (18) . The lymphocyte B-cell surface receptor CD22P binds specifically to oligosaccharides containing a2,b-linked sialic acid (19) (20) (21) . Bresalier et al. (22) have recently described a positive correlation between the metastatic potential of murine colon cancer cell lines and a2,6-linked sialoglycoconjugate expression. A number of studies have likewise correlated a2.6-S activity changes with cell differentiation (23.24) . Histochemical studies using the plant lectin Sambucus nigra agglutinin (SNA), known to specifically bind to the Neu5Ac a2,6-Gal/GlcNAc sequence (25) , have shown that a2,6-linked sialyloglycoproteins are expressed in human colon carcinoma but not in normal colon epithelia (26) . Furthermore, SNA binds to the Neu5Ac a2,3-Gal sequence but with an affiity 20-150 times weaker than to the Neu5Ac a2,6-Gal sequence (27) .
These studies strongly suggest that a2,6-ST activity plays an important role in regulation ofcell growth and differentiation. Therefore, to better understand the function of this enzyme in these
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Correspondence to: Joseph R. Moskal, PhD, Chicago Inst. for Neurosurgery and Neuroresearch, 2515 N. Clark St., Chicago, IL 60614. Neurons, astrocytes, and oligodendroglia of frontal and parietal lobes, hippocampus. cerebellum, brainstem, and spinal cord were examined processes and how they relate to normal development and oncogenesis, it is important to characterize the distribution pattem of a2,6-ST in human tissues. In the present study we examined the relationship between the localization of a2,6-ST and the a2,6-linked sialoglycoconjugates that result from the enzyme reaction, employing antLa2.6-ST antibody and SNA lectin. 42 , 76, 77, 81 years old) and five women (23, 46, 70, 77 , 97 years old). Gestational age of five fetal cases ranged from 27 to 37 weeks. Fetal tissues examined for this study were confined to the thymus. Autopsy specimens were obtained within 10 hr of death. At least five normal specimens from each organ site of different individuals were dissected out. Gastrointestinal tissues from autopsy specimens were excluded for this study, since these tissues had a tendency to stain nonspecifically with both anti-a2,6-ST and SNA. In all of the other tissues examined there were no obvious differences in the a2,6-ST or SNA staining patterns between autopsy and surgical specimens. However, surgical specimens were preferentially used for the present study. Reagents. An anti-rabbit IgG (whole molecule) conjugated to peroxidase for immunoblotting was obtained from Amenham (Arlington Heights, IL) and used at a dilution of 1:lOOO. Enhanced chemiluminescence (ECL) Western blotting detection reagents were purchased from Amersham. Sambucus nigra agglutinin (SNA) and peanut lectin (PNA) were obtained from Vector Laboratories (Burlingame, CA) and were used at a concentration of 20 jtglml. A polyclonal rabbit antibody against rat a2.6-ST was prepared by affhity purification of antiserum using a recombinant a2.6-ST fusion protein-agarose column (5, 7, 28) and used at 1.25 pglml for immunohistochemistry and immunoblotting. Biotinylated anti-rabbit Ig and streptavidin-biotin-horseradish peroxidase conjugates were obtained from Amersham and used at a 1900 dilution. Sialolactose and Vibrio cholerae neuraminidase were purchased from Sigma ImmunoChemicals (St Louis, MO) and Boehringer Mannheim Biochemica (Mannheim, Germany), respectively.
Preparation of Golgi-enriched Microsome Fraction from Rat Liver and Human Meningioma. Golgi-enriched microsomes were prepared by differential centrifugation according to Melkerson-Watson and Sweeley (29). All fractionation steps were performed at 4'C. Freshly isolated rat liver and human meningioma tissues (1 g wet weight each) were homogenized in 4 ml of 25 mM sodium cacodylate containing 0.25 M sucrose and 1 mM phenylmethylsulfonyl chloride, 10 mM EDU, and 1 mM leupeptin. After centrifugation at 4'C for 5 min at 5000 x g, the supernatant fraction was centrifuged on a 1.2 M sucrose cushion at 100,000 x g for 60 min at 4°C.
After cenuifugation, the microsome fractions were pelleted. The microsomal pellets were re-suspended in 100 p1 of 2% SDS, 0.05 M Tris-HC1 buffer (pH 6.8), 10% glycerol. and 5% p-mercaptoethanol.
Immunoblotting. Rat liver and human meningioma samples were prepared by differential centrifugation as described above. Proteins were separated by SDS-PAGE, using 10 p1 of the microsome fraction in each lane, and transferred to an Immobilon PVDF Transfer Membrane (Millipore; Bedford, MA) according to Towbin et al. (30) . The transfer membranes were then incubated for 30 min at room temperature (RT) with 3% non-fat dry milk in 0.05% Tween 20/25 mM Tris-buffered saline (pH 7.6) and then incubated overnight at 4'C with affinity-purified anti-rat a2.6-ST antibody (1.25 jtg/ml). The membranes were then washed with 0.05% Tween 20/25 mM Ttis-buffered saline (pH 7.6), followed by incubation at RT for 30 min with peroxidase-conjugated anti-rabbit IgG. After washing, membranes were incubated with enhanced chemiluminescence (ECL) Western blotting detection solution for 1 min at RT. After draining excess detection reagent, the blots were exposed to X-ray film from 15 sec to 4 min and then developed.
Immunohistochemistry and Lectin Histochemistry. Paraffin-embedded human and rat tissue sections were prepared at a thickness of 6 jtm. Deparaffinized sections were incubated in methanol containing 0.3 % H202 for 30 min to block the activity of endogenous peroxidase. After washing with 50 mM Tris-HC1 buffer (pH 7.6). sections were incubated overnight at 4°C with diluted anti-aZ.6-ST antibody. They were then exposed to a biotinylated anti-rabbit Ig and sueptavidin-horseradish peroxidase conjugate. The colored reaction product was obtained with 0.01% 3,3'-diaminobcnzidine tetrahydrodoride. Negauw controls consisted of ueaung all tissues with pre-immune rabbit serum followed by biotinylated antirabbit Ig and streptavidin-horseradish peroxidase conjugate.
Lectin histochemistry was performed according to Mannoji et al. (31) . After deparaffinization and blocking of the endogenous peroxidase activity. sections were incubated with SNA for 45 min at RT. The sueptavidin-biotin-horxradish peroxidase conjugate and chromogenic substrates were used ~, were pre-treated with 0.5 IU/ml of Vibrio choferae sialidase diluted with 40 mM Ttis-HC1 buffer (pH 7.8) at 37'C for 18 hr to enzymatically remove sialic acid residues from tissue sialoglycoconjugates, followed by incubation with SNA. As controls, human colon tissues that had been pre-treated with sialidase were stained with biotinylated peanut lectin (PNA, 20 jtglml). Untreated colon epithelial cells do not stain with PNA but become positive for this lectin on removal of terminal sialic acid residues. The pretreatment and pre-incubation controls were performed for three different specimens from selected tissues, such as human and rat liver, mandibular gland, skin. and placenta. each ofwhich strongly reacts with SNA. In both immunohistochemistry and lectin histochemistry, sections were lightly counterstained with hematoxylin. The intensity of a2.6-ST and SNA staining is shown in Table 1 [negative (-), scarce (k), weak (+), moderate (+ +), and strong (+ + +)I.
Immunoreactivity of a2,6-ST in Rat Liver and Human Meningioma
The crossreactivity of anti-rat a2,6-ST antibody with human tissues was demonstrated by immunoblotting of Golgi-enriched microsomal fractions from rat liver and human meningioma (Figure 1 ). It stained a 47 KD band in rat liver microsomes. This antibody likewise reacted with a single band in human meningioma tissues. The molecular weight of this band, however, was slightly larger than that observed in rat liver microsomes.
Expression of a2,6-ST and Its Substrates on Normal Human and Rat Tissues
In the control sections, SNA staining was abolished by either preincubation of biotinylated SNA with 10 mM sialolactose or pretreatment of sections with neuraminidase. In general, there were no significant differences in the a2,6-ST or SNA staining patterns between human and rat tissues. Some secretory epithelial cells, such as hepatocytes and choroid plexus epithelial cells, transitional epithelial cells of urinary bladder, and decidual cells in placenta, were strongly reactive for both a2,6-ST and SNA. Neurons and epithelial cells of gastrointestinal tracts were, for the most part, negative for SNA, even though they expressed a2,6-ST. In contrast, endothelial cells of blood vessels, mature red blood cells, and lymphocytes were intensely stained with SNA, despite their weak or undetectable expression of a2,6-ST. a2,6-ST immunoreactive products were detected as intracytoplasmic granular deposits with or without weak diffuse cytoplasmic staining. SNA reaction products were observed as membranous linear andlor intracytoplasmic diffuse deposits. Whereas SNA lectin reacted with the cytoplasm of decidual cells in the placenta, it predominantly stained membranous components of red blood cells, lymphocytes, endothelial cells, and pneumocytes. The results of detailed observations on specific tissue components and cell types in these tissues are discussed below and are summarized in Eble l. Skin. Immunohistochemical staining of a2,6-ST in human epidermis is shown in Figure 2A . Cells of human and rat epidermis reacted moderately with anti-aZ,b-ST. Immunoreactive products were visualized from the basal to the superficial cell layer. SNA staining was likewise positive in both human and rat epidermis. Unlike the a2.6-ST staining, the basal and suprabasal layers were more vividly stained with SNA than the more dfirentiated granular and superficial cell layers ( Figure 2B ). In human and rat skin, sweat and sebaceous glands were also stained with both anti-aZ,b-ST and SNA.
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Nervous System. a2,6-ST was expressed on neurons and on ependymal and choroid plexus epithelia! cells in all areas of the brain and spinal cord of human and rat. Neurons reacted positively, albeit heterogeneously, with anti-a2,6-ST ( Figure 3A) . However, they were rarely stained with SNA ( Figure 3B ). In human and rat central nervous system, choroid plexus epithelial cells and ependymal cells reacted with both anti-a2,6-ST and SNA ( Figures 3C  and 3D ). Arachnoid cells. pia mater, astrocytes, and oligodendrocytes did not react with either anti-aZ.6-ST or SNA. Peripheral nerves, including endoneuria! and perineuria! cells. did not react with either anti-a2,6-ST or SNA. Human and rat dorsa! root ganglia were not examined.
Hematopoietic Tissues. Megakaryocytes and the majority of other hematopoietic precursor cells in bone marrow reacted with anti-aZ,b-ST ( Figure 4A ). In contrast, circulating red blood cells did not stain with anti-aZ.6-ST. Anti-aZ.6-ST staining could not be found on many lymphocytes. particularly those that were smaller in size. Small numbers of positive lymphocytes. however, were noted in the germinal center and peripheral subcortical areas of lymph nodes and spleen. The majority of blood cells, including red blood cells, lymphocytes, and granulocytes in lymph nodes, spleen, peripheral blood vessels, and bone marrow, reacted moderately or intensely with SNA ( Figure 4B ). Rat bone marrow and thymus were not examined.
Musde. a2,6-ST expression was detected in smooth muscle, striated muscle, and cardiac cells. Of these, smooth muscle cells surrounding blood vessels were the most strongly reactive. All of these muscle cell types also stained with SNA.
C o~e c C i~e Tissues and Smple !3quamous Epitheh. Fibroblasts in connective tissue were weakly stained with both anti-aZ.6-ST and SNA. Likewise, chondrocytes were weakly reactive for both a2,6-ST and SNA. Endothelial cells of blood vessels were either weakly reactive or below the level of detection for a2,6-ST. However. SNA stained these cells intensely. Mesothelial cells covering organs and cavities, including those of the pulmonary pleura, capsules of the spleen and kidney, and coelomic epithelia of the ovary, were likewise negative or weakly positive for a2,6-ST but were intensely reactive with SNA.
Respiratory Tract. a2,6-ST expression was detected in the epithelial cells lining the trachea and major bronchi of both human and rat. SNA reacted only with the apical surface of these cells. Although the alveolar pneumocytes (Type 1) were hardly stained with anti-a2,6-ST, they did react with SNA in figures of membranous linear deposits.
Gastrointestinal Tract. a2.6-ST and SNA staining pattems of the esophageal epithelia were similar to those of the epidermis. a2.6-ST expression was visualized in all of the layers of the stratified epithelium. However, SNA stained primarily the basal layer. In the human and rat stomach, gastric gland cells (probably parietal cells) were weakly stained with anti-at,b-ST. but SNA staining was absent. Likewise, a2,6-ST staining was frequently positive in the cells lining the crypts and the lumen in the small and large intestines, even though SNA staining could not be detected in these sites.
In human and rat liver. hepatocytes were intensely stained with both anti-a2,6-ST and SNA ( Figures 5A and 5B) . In human liver. hepatocytes close to the Glisson sheath tended to be more intensely reactive with anti-aZ,b-ST than those in other hepatic areas. Unlike those of human liver. rat hepatocytes were relatively homogcneously stained. Epithelial cells lining the bile ducts were weakly reactive with both antLa2.6-ST and SNA.
Rat pancreatic acinar cells (exocrine pancreas) did not react with either anti-a2,6-ST or SNA. whereas endocrine cells were weakly reactive. Unlike rat pancreas, only a small number of human exocrine pancreatic acinar cells were weakly stained with either antia2,6-ST or SNA.
In human and rat salivary gland, acinar cells were stained with both anti-a2,6-ST and SNA ( Figures 5C and 5D ). In these glands, mucous acinar cells and ductal cells more frequently and more strongly reacted with both reagents compared to serous acinar cells.
Urinary Tract. In both human and rat kidney epithelial cells of the proxima! and distal convoluted tubules. Henle's loop and collecting ducts reacted weakly to moderately with anti-aZ,b-ST. Intense anti-a2,6-ST staining of coarse granules was occasionally seen in the epithelial cells of distal convoluted tubules of human kidney. SNA bound predominantly to the luminal surface of these structures. All of the layers of the transitional epithelium of the urinary bladder reacted moderately with anti-a2,6-ST ( Figure 6A ). whereas SNA reaction products were detected primarily in the plasma membrane and cytoplasm of surface cells ( Figure 6B ).
Endoaine System. a2,6-ST expression was demonstrated in the epithelial elements of the majority of the endocrine glands examined (adrenal cortex, thyroid follicular cells, and pancreatic endocrine cells). a2,6-ST immunoreactive products and SNA binding sites were visualized in human and rat adrenal cortex, even though chromaffin cells of the adrenal medulla did not stain with either anti-aZ.6-ST or SNA. The follicular cells of thyroid glands and pancreatic endocrine cells were likewise stained with both anti-a2,6-ST and SNA. The cells of the human anterior pituitary gland were weakly reactive with anti-a2,6-ST, but not with SNA. The pituitary and thyroid glands of the rat were not examined.
Reproductive System. The epithelial cells of the human prostate were moderately reactive with anti-a2,6-ST and SNA. Immature germ cells and more mature spermatocytes did not react with either anti-aZ,b-ST or SNA in human or rat testes. In human testes, Leydig cells reacted weakly with both anti-a2,6-ST and SNA. There was no detectable staining of Leydig cells in rat testis. Rat prostate glands were not examined.
The epithelial cells of human female mammary glands reacted with both anti-a2,6-ST and SNA. Specimens from pre-pubescent and post-menopausal women were not examined in this study. In the ovary, oocytes were weakly stained with anti-aZ,b-ST but not with SNA. In the epithelium of the uterine cervix, staining patterns were similar to those visualized in other stratified epithelia, such as those of the epidermis and esophagus. Anti-a2,6-ST weakly stained the glandular epithelial cells of the uterine endometrium from pre-menopausal women, whereas SNA strongly stained these cells as linear deposits on the luminal surface. The human endometrium examined in this study was in the follicular phase of the menstrual cycle. Endometrial stromal cells reacted weakly or negatively with anti-a2,6-ST. In the human and rat mature placenta, decidual cells vividly reacted with both anti-aZ,b-ST and SNA ( Figures 7A and 7B) . SNA binding was localized primarily to the cytoplasm of decidual cells and intercellular spaces. Syncytial trophoblasts and cytotrophoblasts of human and rat chorionic villi reacted weakly with anti-a2,6-ST However, SNA staining was undetectable. The mammary gland of the rat was not examined.
Discussion
The purpose of the present study was to investigate systematically the expression of a2,6-ST and glycoconjugates containing a2,6-linked sialic acids in human and rat tissues using an affinity-purified anti-rat a2,6-ST polyclonal antibody and SNA lectin, respectively. To date, the only reports on the expression of a2,6-ST have dealt exclusively with normal rat liver and intestine (5, 28, 32) .
Immunoblot analysis demonstrated that the anti-rat a2,6-ST antibody crossreacted with human a2,6-ST. The complete cDNA sequence of human a2,6-ST encodes a protein with 406 amino acids and is approximately 90% homologous to the rat protein sequence of a2,6-ST (14.33). Therefore, the MI of the band detected in meningioma tissues was consistent with the predicted MI of human a2,6-ST. The differences between the Mrs of the human and rat a2,6-ST bands could be caused by differences in glycosylation of these enzymes.
One of the most salient features of the present histochemical studies was the strong expression of a2,6-ST and glycoconjugates containing a2,6-linked sialic acids in the liver and salivary glands of both human and rat. This is consistent with the results of Wen et al. (34) , who observed high expression of a2,6-STmRNA in the same tissues. In the present study, we also observed vivid staining with anti-a2,6-ST and SNA in secretory epithelial cells, decidual cells, and transitional epithelial cells. On the other hand, SNA failed to stain human and rat colonic epithelia even though (a) there was weakly positive anti-aZb-ST immunoreactivity and (b) a2,6-ST enzyme activity has been reported in rat colon (28) . Sata et al. (26) likewise have reported that SNA does not react with human colonic epithelium. Gastrointestinal epithelia and neurons were distinctly stained with anti-aZ,b-ST but rarely reacted with SNA. In contrast, endothelial cells of blood vessels and glomerulus of kidney, among others, exhibited strongly positive reactions with SNA, whereas they weakly reacted or were negative with anti-a2,6-ST A number of explanations can be proposed for the apparent differential staining of tissues with anti-a2,6-ST and SNA lectin. First, a2,6-ST reactivity may vary from cell type to cell type. Second, the staining intensity of SNA could be affected by a series of factors, such as a2,6-ST enzyme activity. Moreover, the quantity and number of different substrates available for a2.6-ST to sialylate may vary from cell to cell. The substrates available for a2,6 ST to sialylate may vary from cell to cell owing to differences in their protease and glycosidase activities (e.g., bacterial neuraminidase in the bowel could preferentially cleave a2,6-linked sialic acids of the colonic epithelial cells, which would give negative SNA stain- a2.6-SJAIYLZ"SFERASE IN NORMAL HUMAN AND RAT TISSUES ing). Finally, SNA can bind to Neu5Ac a2,b-GalNAc sequences found on some 0-linked oligosaccharides (27) . However, a2,6-ST uses only N-linked oligosaccharides as substrates. There have also been a series of reports that correlate a2,6-ST activity with cellular differentiation (23, 24) . Furthermore, a2,6-ST has been shown to regulate the generation of many cell differentiation antigens in blood cells (35) . Interestingly, immature blood cells in bone marrow stain with anti-a2,6-ST more frequently and more intensely than mature blood cells. On the other hand, SNA stained most blood cells regardless of their state of differentiation. Moreover, SNA binding sites were primarily visualized in the basal and suprabasal layers of the stratified epithelium, whereas entire layers of the epidermis uniformly reacted with antLa26-ST. It appears possible that a2,6-ST is active in the progenitor cells, synthesizing certain sialoglycoproteins in the epidermis.
Mater et al. (36) reported that the c-Ha-ras oncogene could induce an increase in the expression of a2,6-ST in rat fibroblast cells. c-Ha-ras belongs to the mammalian ras proto-oncogene family (37, 38) . c-Ha-ras gene products (P21ras) are expressed not only in neoplastic tissues but in normal tissues (39, 40) , and ras proteins are associated with signal transduction (activation of cytosolic serine-threonine protein kinases) and cell growth (41) (42) (43) . Comparing the expression of P21ras by immunohistochemical analysis, as reported by Furth et al. (44) , with the results presented here reveals a clear correlation between the expression of a2.6-ST-and/or SNA-reactive glycoconjugates with P21ras in human stratified epithelium, thyroid gland, and brain (neurons). In the stratified epithelium, P21m-positive cells were predominantly confined to the basal and suprabasal layers, as was the case for SNA staining. In contrast, the staining properties of hepatocytes were quite different. Hepatocytes of adult human liver reacted strongly with antia2,6-ST but not with anti-P21ras. Since a2,6-ST expression in hepatocytes is high, c-Ha-ras gene products may not play a regulatory role in liver.
The hormonal regulation of a2.6-ST expression also has been reported. In H35 rat hepatoma cells, dexamethasone increased a2.6-ST expression (45, 46) . Furthermore, Oulhaj et al. (47) found that the natural killer T-cells in thymus of estrogenized or pregnant guinea pigs stained with SNA. In the present study, the decidual cells of human and rat mature placenta stained vividly with antia2,6-ST. The endometrial stromal cells, shown at best to be weakly reactive with anti-a2,6-ST during the non-pregnant period, were transformed into decidual cells by the cooperative action of estrogen and progesterone. When comparing non-pregnant vs pregnant rats, with the exception of the placenta, the rest of the tissues exhibited no distinct difference between staining pattems obtained with either anti-a2,6-ST or SNA (data not shown).
The present report is the first to examine the expression ofa2,6-ST and glycoproteins containing a2,6-linked sialic acid in human tissues. Previous studies have suggested that a2,6-linked sialoglycoconjugates play a role in control of cell growth and differentiation. The patrems of expression observed in the studies presented here not only lend further support to this idea but further demonstrate that aZ,6-ST and its substrates vary with cell type and that their expression is carefully regulated. Moreover, the present results reinforce the idea that steroid hormones could play a key role in regulating the activity of a2,6-ST. 
